Recent progress in the study of resonant light confinement in high-index dielectric nanostructures suggests a new route for achieving efficient control of both electric and magnetic components of light. It also leads to the enhancement of nonlinear effects near electric and magnetic Mie resonances with an engineered radiation directionality. Here we study the third-harmonic generation from dimers composed of pairs of two identical silicon nanoparticles and demonstrate, both numerically and experimentally, that the multipolar harmonic modes generated by the dimers near the Mie resonances allow the shaping of the directionality of nonlinear radiation.
Nonlinear nanophotonics has attracted a lot of attention due to the fact that a small volume of nanoparticles can create surprisingly strong nonlinear effects. [1] [2] [3] This is at the heart of modern nanophotonics that aims toward efficient light manipulation at the nanoscale and a design of ultrafast compact optical devices for fully-functional photonic circuitry and advanced metadevices. 4, 5 For many years, nanoplasmonics has been a driving force to achieve the enhancement of nonlinear effects in nanoscale structures. 1, 2 In particular, the observation of the third-harmonic generation (THG) was reported for gold colloids, 6 metallic nanoantennas, 7 and complex plasmonic structures. 8 It was also shown that the third-harmonic signal can be enhanced in nanoparticle dimers composed of a pair of identical metallic nanoparticles due to the field enhancement in a gap separating the nanoparticles. [9] [10] [11] However, metallic structures have limitations in their efficiency and functionalities at optical frequencies imposed by Ohmic losses, small mode volumes and low laser damage threshold. This limits the further progress and applications of nonlinear optics at the nanoscale. Dielectric resonant nanostructures can overcome many of such problems since their optical losses at visible and near-IR wavelengths are almost negligible. 12 Such nanoparticles can support electric and magnetic Mie-type resonances enabling directional scattering of light by compact optical nanoantennas. [13] [14] [15] [16] [17] For dielectric nanoparticles, nonlinear effects can be enhanced substantially near the resonances which may involve a higher-order multipolar response. [18] [19] [20] [21] [22] The interference of these multipoles defines the radiation pattern efficiency of the nonlinear process. Silicon (Si) nanoparticles were first explored for nonlinear effects at the nanoscale due to their large third-order nonlinear susceptibilities. 18, 23, 24 The study of THG from isolated silicon nanodisks revealed that the field localization at the magnetic resonance can result in two orders of magnitude enhancement of the harmonic intensity with respect to unstructured bulk silicon. 18, 24 Later, third-harmonic was studied in Ge nanodiscs. 25 The study revealed the importance of interference effects. In particular, it demonstrated the enhancement of the third harmonic by the excitation of the near-field anapole mode. These findings suggest novel opportunities for engineering the nonlinear response at the nanoscale with dielectric resonant nanostructures. Pairing up two isolated nanoparticles and creating dimer nanoantennas enrich multipolar behavior in both linear and nonlinear regimes. The effects of multipolar mode decomposition on linear optical properties have recently been reported by several groups. 16, 17, [26] [27] [28] [29] [30] [31] [32] It was observed that coupling between the resonant nanoparticles placed in a close proximity allows for a substantial enhancement of both electric and magnetic fields via hybridization of individual electric and magnetic modes, and it gives an additional degree of freedom to engineer the directional scattering. However, the effect of hybridized modes supported by dielectric dimers on their nonlinear optical properties remains unknown. place an isolated nanodimer in a focal spot of two confocal air objective lenses. The numerical aperture of these lenses corresponds to the collection angles for the third-harmonic emission within approximately 58 and 64 degrees in air, respectively. We optically pump the dimer with a femtosecond laser with 1556 nm central wavelength and control the pump polarization. We use two cooled CCD cameras to detect the thirdharmonic radiation, its power and directionality diagram. More details of this method of optical diagnostics can be found in ref. 22 .
To design dimers and predict their linear and nonlinear optical properties, we apply the wavelength-dependent complex-value refractive index of silicon, 33 and perform numerical simulations using the finite element method (FEM) solver of COMSOL Multiphysics, following the method described in ref. [22] [23] [24] . To achieve high nonlinear THG conversion with a single symmetric silicon dimer, we are primarily guided by the resonant enhancement of the local fields at the fundamental wavelength (FW). Therefore, we first study the linear scattering characteristics at our laser operating wavelength 1556 nm. To optimize the geometry, we scan the radius R for a fixed disk thickness of H = 300 nm and a constant interparticle gap G = 20 nm, as shown in Fig. 2 . The plotted scattering efficiency per disk is defined as Q sca = C sca /S 0 , where C sca is Here we provide numerical and experimental studies of THG from symmetric silicon nanodimers. We demonstrate the control of the directionality of the third-harmonic radiation due to the multipolar interference effects and near-field enhancement. More specifically, we demonstrate that geometry-dependent multipolar modes in silicon dimers allow one to effectively shape and switch the nonlinear third harmonic radiation pattern, its intensity and directionality, as presented schematically in Fig. 1 where an insert shows an SEM image of one of the fabricated Si dimer samples.
Experimental and numerical techniques
We fabricate the dimer samples from polycrystalline silicon on a fused silica substrate (500 μm) using electron-beam lithography (EBL). Each nanodimer is created by two identical silicon nanodisks, as shown in the insert in Fig. 1 . We fabricate a wide range of dimers with varying disk radii ranging from 200 nm to 300 nm. The dimers have an identical height of H = 300 nm, and each dimer has a well-controlled gap between the neighboring of G = 20 nm. For the nonlinear experiments, we the scattering cross section and S 0 = πR 2 is the area of the disk. We further characterize the optical scattering features by multipolar expansion. We perform the multipolar decomposition using the polarization currents induced inside the nanoparticles. We choose this method over the decomposition of the scattered fields as the presence of a substrate makes it difficult to rigorously perform multipolar analysis using the scattered fields. When calculating the contributions associated with each multipole, the fields are considered to radiate into air, which makes the sum over multipole contributions (defined as total Q sca here) lower than the actual case. 30 As can be seen in Fig. 2(a) , the largest scattering efficiency occurs for R = 270 nm, being determined mainly by contributions from the electric dipole (ED), magnetic dipole (MD), and electric quadrupole (EQ).
Next, the nonlinear polarization induced inside the nanoparticles is used as an input for the next electromagnetic simulations at the TH frequency to obtain the generated TH field. For centrosymmetric materials, such as silicon, THG is an essentially bulk phenomenon with negligible surface contribution. 34 Here, we take into account only volume nonlinearities of silicon, and neglect its surface nonlinearities as of minor importance. Fig. 2(b) shows the rising trend of THG conversion efficiency at R = 270 nm with the decreasing gap size. Due to the precision limit of the EBL fabrication process, we use G = 20 nm to robustly create the nanodimer without linking the gap between the two disks by fabrication fluctuations. Fig. 2(c) shows the contributions from each multipole radiated at TH. The largest THG conversion efficiency also occurs at R = 270 nm, corresponding to the typical resonant profile at a fundamental wavelength.
Control of nonlinear radiation
We measure the THG efficiency from our samples with increasing disk radii at a fixed gap size G = 20 nm. We calibrate the cameras with a power meter. The measured THG conversion efficiency is shown with red solid dots in Fig. 2(d) . The maximum efficiency reaches 2 × 10 −6 . We also calculate the THG efficiency within the numerical apertures of the collecting objectives as utilized in our experiment. The respective theoretical dependence is plotted with a solid line. The position of the maximum THG conversion efficiency in Fig. 2(d) overlaps with the peak of the calculated linear scattering efficiency in Fig. 2(a) . Fig. 3(a and b) show the computed linear scattering spectra for the dimer with the optimized disk radius R = 270 nm. We assume light normally incident from the air side with linear polarization that is either horizontal (a) or vertical (b). In Fig. 3 we see a pronounced peak in the scattering for horizontal polarization that is not present for vertical polarization. This modification of the scattering spectrum arises from coupling between the nanoparticles in the dimer. The spectral position of the peak matches the pump wavelength of our laser.
clearly seen to be determined by hybridized modes associated with electric and magnetic dipolar excitations inside the discs 27, 28, 32 as shown in Fig. 4(a) . For the x-polarized pump, the electric-field hotspot naturally occurs in the gap between two silicon nanodiscs. 30 Strong field localization in coupled nanoantennas and electric field enhancement furthermore stimulate the nonlinear response in the nanoparticles. THG is predominantly governed by magnetic dipoles, 23, 24 as reflected in the symmetry of the generated TH field in Fig. 4 . Because of the different physics compared to second harmonic generation (SHG) in coupled metal nanoparticles, [35] [36] [37] no localization to The far-field spectra are dominated by the following multipoles: ED, MD and EQ in Fig. 3(a) and ED, MD and magnetic quadrupole (MQ) in Fig. 3(b) . All of them stem from the hybridization of electric and magnetic dipolar resonances of single scatterers, being qualitatively the same as described in ref. 26 and 28 . Remarkably, the modes of coupled particles are known to play an important role in the analysis of the nonlinear response for both plasmonic 35, 36 and dielectric 24 nanostructures.
the gap and far-field silencing 35 of the nonlinear response is observed. As follows from Fig. 3 and 4 , the linear scattering is quite sensitive to the polarization of the impinging light. The magnitude of the electric near-field and the induced magnetic dipole moments are stronger for the x-polarized pump promoting the largest coupling strength. Being raised to the third power in the nonlinear regime, this effectively switches THG on/off as the pump polarization is changed from x to y. To observe these phenomena in experiment, we measure the third-harmonic radiation patterns by capturing their directionality diagrams. This is done in forward and backward directions with respect to the direction of the pump. For this we project onto the cameras back-focal plane (Fourier space) images of our objective lenses. We perform matching numerical simulations where calculated TH far-field intensity distribution is projected onto the back focal plane. 4, 38 As shown in Fig. 5 , the experimentally measured directionality of THG has the forward to backward ratio around 11 : 1, indicating highly directional nonlinear harmonic generation. The highly directional nonlinear scattering in Fig. 5 (a) is defined by two higher-order electric multipoles EQ and EH. Numerical simulations predict a remarkable polarization-dependent contrast in the nonlinear signal: the third-harmonic power for the x-polarized pump is more than 30 times larger than the power for the y-polarized pump. The experimental measurements for the y-polarized pump appear below the noise level, but there is at least a 20 : 1 distinction ratio.
Summary
We have studied, both numerically and experimentally, the third-harmonic generation from all-dielectric dimer nanoantennas composed of two closely placed identical silicon nanodisks. We have observed strong nonlinear beam reshaping and optimized conversion efficiency (up to 2 × 10 −6 ), combined with highly directional harmonic generation characterized by the 11 : 1 forward-to-backward ratio. Furthermore, we have demonstrated the strong polarization dependence of the harmonic generation efficiency, characterized by more than 20 : 1 contrast of the THG intensity for the x and y-polarizations, respectively. The capability of beam shaping in the nonlinear harmonic generation demonstrated here for the example of silicon nanodimers is expected to be a general feature of multipolar nonlinear effects, and it may pave a way toward a novel approach in the design of efficient and tunable unidirectional nonlinear light sources.
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